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Column experimentThe major groundwater resources of the Arabian Peninsula are stored in the large sedimentary basins
in its eastern part. Evaporation from continental salt pans (playas) is an important process in water
resources assessments of its upper principal aquifers – the Upper Mega Aquifer system – as it consti-
tutes a significant sink. However, literature values on evaporation rates vary widely and usually report
about coastal salt pans where seawater evaporation is assumed. The present study applies different
methods to provide a comprehensive picture of groundwater evaporation from salt pans of the
Upper Mega Aquifer system. A remote sensing approach provided the spatial distribution and total salt
pan area of about 36,500 km2. Hydrochemical and isotopic investigations revealed that from about 10%
(3600 km2 ± 1600 km2) of the mapped salt pan area seawater evaporates. To estimate the groundwater
evaporation rate from continental salt pans a laboratory column experiment was set up, implying a
mean annual evaporation rate of about 42 mm ± 13 mm. In-situ analysis of water table fluctuations
in the field suggested about 3 mm a1 originate from recently infiltrated rainwater leading to an annual
net groundwater evaporation of 39 mm ± 13 mm. Relating this number to the mapped salt pan area,
from which groundwater evaporates, provides a total annual groundwater loss of 1.3 km3 ± 0.5 km3
for the Upper Mega Aquifer system.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Salt pans are ubiquitous in arid to semiarid environments
throughout the world and common geographic features on the
Arabian Peninsula (Yechieli and Wood, 2002). Some types of salt
pans have a shallow water table and capillary rise causes its evap-
oration from the surface (Jaeger, 1942). Those, which are fed by
inflowing groundwater, are important discharge areas for the con-
nected aquifers and hence relevant for quantitative water
resources assessments.
Salt pan or salt flat is the generic term for different hydrological
systems (Jaeger, 1942). In order to avoid confusion, we need to
clarify the definition of two terms, which are inconsistently used
throughout the literature: playa and sabkha. Playas are intraconti-
nental basins, where capillary rise causes groundwater dischargedue to evaporation. In contrast, sabkhat (plural of sabkha) are mar-
ginal marine mudflats (Briere, 2000), where evaporating water
originates from tidal flooding (Butler, 1969) and seawater intrusion
induced by evaporative pumping (Hsü and Siegenthaler, 1969;
Jaeger, 1942). Especially, in older studies the term continental
sabkha was commonly used as a synonym for playa, e.g. USGS
and ARAMCO (1963) and Kinsman (1969). Note that all types
of salt pans (including playas) are usually termed ‘‘sabkhat”
throughout the Arabian countries.
Prominent examples for groundwater discharging salt pans
(playas), besides those on the Arabian Peninsula, are for instance
the Bonneville Salt Flats in Utah, USA (Mason and Kipp, 1998),
Owens Lake in California, USA (Tyler et al., 1997), salt flat basins
in the Chilean Altiplano (Hernández-López et al., 2014), playas in
central Mexico (Menking et al., 2000) or playas in central Australia
(Jacobson and Jankowski, 1989; Lloyd and Jacobson, 1987). In con-
trast, coastal salt pans, which predominantly evaporate seawater,
are known from Chott el Djerid, Tunisia (Richards and Vita-Finzi,
1982), northwest Libya (Abdel Galil and El-Fergany, 2011),
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(Bye and Harbison, 1991).
Estimates concerning evaporation rates from salt pans on the
Arabian Peninsula vary widely. For the Eastern Province of Saudi
Arabia, the Saudi Arabian Ministry of Water and Agriculture esti-
mated an annual evaporation rate of 60–100 mm (cited in Al-
Saafin (1996)). Al-Saafin (1996) conducted own investigations on
water table fluctuations indicating an annual evaporation of
63 mm for the salt pan Al Fasl. Using the example of a salt pan
(Al-Khiran) in southern Kuwait, Robinson and Gunatilaka (1991)
suggested an annual evaporation rate of groundwater between
20 mm and 40 mm. Similar to the previously mentioned study,
Patterson and Kinsman (1981) analysed water table fluctuations
and estimated an annual net evaporation of 120 mm and 60 mm
from coastal and continental salt pans, respectively. Their calcula-
tions are based on total porosities of salt pan sediments and not on
specific yield, translating reported estimates to be an upper limit
(Patterson and Kinsman, 1981). A few years earlier, Patterson
(1972) introduced another method. He derived evaporation rates
from the amount of anhydrite present in the capillary fringe.
Results indicated an average annual evaporation of 60 mm over
the last 4–5000 years. Shehata and Lotfi (1993) applied empiric
equations about evaporation rates depending on potential evapo-
ration and water level and concluded an annual evaporation from
salt pans along the Arabian Gulf coast of about 120 mm. Sanford
andWood (2001) introduce a fourth method. They based their esti-
mations of evaporation rates on in-situ humidity chamber experi-
ments and calculated an evaporation rate of 69 mm a1 for salt
pans in Abu Dhabi and 50 mm a1 for the salt pan Matti (located
in Abu Dhabi and Saudi Arabia), respectively. Most of the previ-
ously cited studies report about evaporation rates from coastal salt
pans, where sea water evaporation is assumed. However, the
greater part of salt pans on the eastern Arabian Peninsula is located
further inland (predominantly in the Rub’ Al-Khali desert; USGS
and ARAMCO, 1963).
Total groundwater evaporation from salt pans depends on their
spatial distribution and cumulative surface area. However, avail-
able data from the geological map (USGS and ARAMCO, 1963) date
back more than 50 years and may not represent current salt pan
distribution, due to temporal dynamics in relation to dune move-
ments and construction activities (Kumar and Abdullah, 2011;
eGDC, 1980). Second, due to the large scale of the geological map
(1:2,000,000), indicated salt areas have a low spatial resolution of
details and do not reveal true extents. This is already obvious by
comparing the geological map with high-resolution satellite
images.
This study focuses on groundwater evaporation from salt pans
located inland. Quantifying and assessing evaporation loss of
groundwater from these salt pans is important to close the water
balance of the connected aquifer system. In detail, four research
questions were addressed: (i) What is the spatial distribution of
salt pans on the eastern Arabian Peninsula? (ii) What are con-
tributing water sources to evaporation – spatial salt pan differenti-
ation dominated either by groundwater or by seawater
evaporation? (iii) How much water evaporates from previously
infiltrated precipitation? And (iv) what are representative evapora-
tion rates from inland salt pans?
In general, this study aims to provide important quantitative
information about salt pans of the Upper Mega Aquifer system
on the Arabian Peninsula. Moreover, presented methods may serve
as a template for other researchers investigating salt pan systems.
2. Study area
The whole Arabian Peninsula can be considered as water scarce
(Rijsberman, 2004) induced by the given (hyper-) arid climaticconditions. Average annual precipitation is less than 100 mm
(Pauw, 2002), while potential evaporation reaches 2500 mm a1
in coastal areas. In the central parts of the Rub’ Al-Khali desert this
number may even rise to 4500 mm a1 (Al-Rashed and Sherif,
2000) mainly caused by significantly lower air humidity in com-
parison to the coast. Due to the resulting lack of surface water,
the region relies on its mainly fossil (non-renewable) groundwater
resources. The groundwater is predominantly stored in sedimen-
tary formations of the Arabian Shelf, also called Arabian Platform
(Al-Rashed and Sherif, 2000). Its upper principal aquifers are the
Wasia-Biyadh sandstone aquifer and the karstified Umm Er Rad-
huma and Dammam limestone aquifers. Separated by layers with
lower hydraulic conductivities these units form the Upper Mega
Aquifer system (Kalbus et al., 2011). Due to its regional importance,
the study area covers the extent of the Upper Mega Aquifer system
with an area of about 1.7  106 km2 (Fig. 1), containing about 90%
of the salt pans on the Arabian Peninsula (USGS and ARAMCO,
1963). Most of them are located at the Arabian Gulf coast and in
the Rub’ al Khali desert (Al-Saafin, 1996).
Salt pan properties
The playa (groundwater evaporating salt pan) soil matrix con-
sists predominantly of siliciclastic sediments. The capillary rise of
highly saline water and its subsequent evaporation causes evapor-
ites (e.g. gypsum, anhydrite, halite) to be present in the capillary
fringe (Kinsman, 1969; Smith, 1982). Depending on soil texture
the capillary rise may occur from water levels ranging from several
centimetres to 2 m below ground level (Sultan et al., 2008).
Although the groundwater table shows seasonal fluctuations, its
mean distance to the surface remains constant over longer periods
of time (Yechieli and Wood, 2002). This is caused by steady-state
equilibrium between aeolian sedimentation and deflation. As soon
as the groundwater table falls for a longer time period the surface
dries out and is eroded until the top of the capillary fringe is
reached. In case of a rising groundwater table the surface becomes
wetter and additional aeolian sediments will be trapped (Kinsman,
1969; Yechieli and Wood, 2002). In contrast to playas, sabkhat
(seawater evaporating salt pans) are supratidal surfaces and its
matrix mainly consist of carbonate sediments and associated evap-
orates (Kinsman, 1969).
A literature review about water level of salt pans in the study
area as well as measurements during this study is provided in Sup-
plementary material. Water level measurement sites are shown in
Fig. 1.
3. Methods
3.1. Spatial distribution of salt pans
Remote sensing data for the whole study area, i.e. 39 Landsat 8
(hereafter referred to as LDCM – Landsat Data Continuity Mission)
images recorded between September 18, 2013 and February 25,
2014, were analysed for salt pan distribution. In addition, elevation
information was obtained from the Shuttle Radar Topography Mis-
sion (SRTM) Version 2.0 dataset (Jarvis et al., 2008). Based on this
data analyses, areas with non-salt-pan features were iteratively
removed through global thresholds (Fig. 2). Non-salt-pan features
include:
i. the Arabian Gulf area (elevation 6 0 m),
ii. slopes > 3 (only flat depressions characterise salt pan areas
(GDC, 1980)),
iii. urban areas (partly superimpose salt pan areas and were
therefore excluded using the entropy measure of a 3  3
grey level co-occurrence matrix (Haralick et al., 1973)),
Fig. 1. Overview of study area (A) and photographs of an interdune salt pan in the Rub’ Al Khali desert (B) and the salt pan Al Budu (C); ⁄ water level sites after Al-Saafin
(1996), Barth (1998), Heathcote and King (1998), Robinson and Gunatilaka (1991), Smith (1981).
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as well partly superimpose salt pan areas requiring an exclu-
sion through the application of normalised difference vege-
tation index (NDVI) value > 0.15), and
v. dry aeolian sand areas (incorporating mobile sand superim-
posing salt pan areas (GDC, 1980)) through the application
of a modified normalised difference water index (MNDWI)
after Xu (2006).
Remaining pixels represent potential salt pans. To further refine
these areas, spectral salt pan characteristics in the mid-infrared
and thermal-infrared range of the electromagnetic spectrum were
used. The main spectral differentiation concerns the wetness/
water coverage of salt pan areas and evaporites (halite and gyp-
sum) as well as wet salt pan deposits (sand, silt, clay) at the base
and along the fringe of salt pans. The resulting reflectance is con-
siderably lower in the mid-infrared (MIR) spectrum compared to
surrounding coarse grained aeolian sand accumulation. At the
same time, heat capacity also differs significantly between wet salt
pan areas and aeolian sand. In turn, thermal radiation is higher
from wet areas (salt pans) than for non-salt-pan areas at the time
of recording (10–11 a.m. GMT).
To account for both distinctive spectral features (low reflec-
tance in MIR and higher thermal radiation) that characterise wet
areas (salt pans), a ratio between inversed thermal-infrared
(LDCM-band 10) and mid-infrared (LDCM-band 6) bands was
applied. Resulting ratios representing salt pan areas plot in a range
between 1.53 (±0.37) and 4.15 (±0.77). To obtain correct scene-
individual thresholds and hence to derive salt pan areas within the
previously extracted potential areas, we used salt pan reference
sites obtained through field campaigns and WorldView-2 high res-
olution satellite images provided by DigitalGlobe.3.2. Origin of salt pan brines
Close to the coastline, water evaporating from salt pans might
not originate from groundwater but from seawater. However, sea-
water and groundwater differ significantly in their hydrochemistry
(i.e. Cl/Br ratios) and in the isotopic signature of sulphur (34S/32S)
in sulphate (Patterson and Kinsman, 1977; Robinson and
Gunatilaka, 1991).
In order to identify the origin of salt pan brines, water samples
were collected from the Arabian Gulf (n = 3), from wells tapping
the Umm Er Radhuma aquifer (n = 4), and from auger holes or hand
dug pits in salt pans at varying distances from the coastline
(n = 26). Sampling sites are shown in Fig. 1 and coordinates are
given in supplementary material. Samples for anion analysis were
filtered (0.45 lm) and filled in 30 ml HDPE-bottles. Samples for the
determination of cations were additionally acidified with concen-
trated HNO3. For the analysis of the sulphur isotopic signature of
dissolved sulphate unfiltered samples were collected in 500 ml
LDPE-bottles. Cations and anions were determined by Ion
Chromatography (ICS-2000, Thermo Scientific Dionex) and Induc-
tively Coupled Plasma Optical Emission Spectrometry (Spectro
Acros, Spectro Analytical Instruments), respectively. The sulphur
isotope ratios 34S/32S were measured, after sample preparation
(USGS RSIL Lab Code 1951), by Isotope Ratio Mass Spectrometry
(delta S, Finnigan MAT). The 34S/32S ratios are expressed in per
mil (‰) using the conventional delta-notation relative to the
Canyon Diablo Troilite (CDT) standard.
3.3. Infiltrated precipitation
It has to be considered that rainwater might percolate through
the salt pan surface during rain events as described by Sanford and
Fig. 2. Flowchart picturing the applied decision tree classification to extract salt
pan areas (note: rectangles represent data sets, circles show calculated auxiliary
products, diamonds stand for decision criteria, dotted lines indicate used data sets
and solid lines represent the process chain).
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in addition to (or instead of) groundwater after rain events.
In order to estimate the influence of infiltrating rainwater, the
annual precipitation rate for the previously mapped salt pan area
was first derived from the Tropical Rain Measurement Mission
(TRMM) V6 data set (Kummerow et al., 1998) using the area-
weighted mean. Second, a 3.5 m deep well was installed in the
salt pan Al Budu (23.237N, 49.299E) and equipped with a
groundwater data logger measuring piezometric water level.
The barometric correction of the data was based on air pressure
data from the nearest weather station in Haradh (100 km dis-
tance). Results of the corrected water level were compared with
rain events recorded in Yabrin (35 km distance). Both datasets,
air pressure and precipitation, were provided by MoWE (2014).
Furthermore, three undisturbed 250 ml soil samples were
extracted from the saturated zone next to the observation well.
These soil samples were analysed for their effective porosity
(equals approximately specific yield) by subtracting the sample
weight at field capacity from the weight of the fully saturated
sample.3.4. Evaporation rate
The evaporation rate was determined by a column experiment.
For that purpose, three undisturbed soil cores were taken from
continental salt pans (Yabrin – 23.152N, 48.970E, Matti –
23.199N, 51.753E and an interdune salt pan in the Rub’ Al Khali
desert – 22.605N, 53.754E; Fig. 1). Extraction sites show differ-
ences with respect to soil texture, salt crust, and chemical compo-
sition of groundwater (Supplementary material) covering the
variety of continental salt pans. According to field observations,
the soil cores were taken from representative locations. They have
a height of approximately 50 cm and a diameter of 16 cm. They
were extracted from the top layer (including salt crust) of the salt
pans with specially developed sampling equipment. A technical
drawing and a picture captured during operation are provided in
supplementary material.
The basic idea of this column experiment is to measure the
evaporation rate depending on variable boundary conditions such
as water level (pressure head at the bottom of the column) as well
as temperature and humidity at the top of the column. In order to
adjust the water level, a micro porous membrane was installed at
the bottom of the soil core and connected to a hanging water col-
umn represented by a height-adjustable LDPE-bottle (Fig. 3). Inside
the bottle, the water level, which represented the pressure head in
the soil column, was kept constant. This was realised by continu-
ously pumping water, which had the same chemical composition
as the respective salt pan brine, from a storage tank into the
height-adjustable bottle. The brines used in the column experi-
ment were reconstructed individually according to water sample
analysis of the extraction sites (supplementary material). Water,
which did not flow from the bottle into the soil column, flowed
back via an overflow into the storage tank. This setup allows sim-
ulating water levels below the bottom of the soil column as for salt
pan soils the dominant water transport at 0.5 m b.g.l. occurs in the
liquid phase and water vapour transport at this depth is negligible.
Due to the fact that the whole system is closed except for the top of
the soil column, the long-term (several days) average of the water
loss in the tank corresponds to the evaporation loss at the top of
the column. The water loss in the storage tank was gravimetrically
determined and continuously recorded. Likewise, temperature and
humidity as evaporation-drivers were permanently measured at
the top of the column and recorded. In order to adjust temperature
an infrared-heat-lamp controlled by a thermostat was installed at
the top of each column (Fig. 3). All data (weight of the storage tank,
temperature and humidity) were recorded at 15 min intervals.
Besides, wind influences the evaporation rate. Wind affects evapo-
ration by removing more humid air layers above the soil surface. In
case of this experiment, air movement was induced by convection
driven by the temperature gradient from the heat spot of the
infrared-lamp above the top of the column to cooler air of its sur-
roundings. This effectively removed the more humid air layers at
the top of the column. Wind speed itself does not significantly
affect the diffusion-dominant evaporation stage (Davarzani et al.,
2014). Therefore, we neither simulated (e.g. with a fan) nor mea-
sured wind speed.
4. Results
4.1. Spatial distribution of salt pans
In general, classified salt pan areas (Fig. 4) show a comparable
spatial distribution as the existing data set (USGS and ARAMCO,
1963). Significant spatial differences between both sets exist in
the northern and eastern part of the study area for which the
presented approach yields smaller salt pan areas. On the other
hand, the small scale reveals noteworthy differences in mapped
Fig. 3. Schematic sketch of the column experiment (a – balance; b – data logger; c –
storage tank; d – fermentation lock; e – peristaltic pump; f – water level
adjustment; g – level-drain-bottle; h – micro porous membrane; i – undisturbed
soil column; j – thermal insulation; k – temperature sensor of thermostat; l –
temperature and humidity sensor; m – data logger; n – infrared-heating-lamp; o –
thermostat).
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rather generalised due to the coarse scale of mapping, the pre-
sented approach provides a high level of detail. Even small-scale
inter-dune salt pans could be outlined in detail. Another observ-
able trend is the change along the coast. Recently, evaporation-
impeding construction activities superimpose previously mapped
salt pan areas and provide a significant difference to current
coastal salt pans. These changes and the level of detail lead to a
total classified salt pan area of about 36,500 km2 and hence to
33% more than mapped before in the study area.
4.2. Origin of salt pan brines
Sulphate in modern seawater is characterised by a d34S value of
21‰ CDT (Clark and Fritz, 1997), which is relatively high compared
to many groundwater samples. Hence, d34S is a powerful tool for
identifying seawater in salt pan environments (Robinson and
Gunatilaka, 1991). The obtained values range between 7.4‰ and20.8‰ CDT (see supplementary material). The highest values
accounting for 20.3‰, 20.5‰, and 20.8‰ CDT were found for the
three seawater samples and fall into the range reported for the
Arabian Gulf in the literature (20.1–20.9‰ CDT) (Moser et al.,
1978; Robinson and Gunatilaka, 1991). The values plotted against
their corresponding distances to the Arabian Gulf are presented
in Fig. 5. Molar Cl/Br ratios were also been included as an inde-
pendent indicator for seawater impact as ratios of less than 1000
represent seawater while continental groundwater usually shows
ratios larger than 5000. Water samples of mixed origin fall
between these threshold values (Patterson and Kinsman, 1977).
It can be seen that the Arabian Gulf samples exhibit a distinct
signature with high d34S values (see above) and low Cl/Br ratios
(max. Cl/Br: 1.315). A cluster of salt pan samples can be identi-
fied due to elevated d34S values (ca. 19–20‰ CDT), scattering in the
range that characterises seawater-influenced salt pan brines
(19 ± 2‰ CDT) (Robinson and Gunatilaka, 1991). Furthermore, they
stand out due to their coastal location (<9 km) and their low to
moderate Cl/Br values, mostly falling into the 1000–5000 class
that reflects a mixed origin (Patterson and Kinsman, 1977). This
pattern points towards a significant seawater impact. All remain-
ing salt pan water samples as well as the groundwater samples
taken from boreholes show less enriched d34S signatures that are
comparable to values reported by Shampine et al. (1979) for aqui-
fers of the Upper Mega Aquifer system (e.g. Wasia: 15.2 ± 5.04‰,
Umm Er Radhuma: 13.3 ± 2.28‰, Khobar: 13.4 ± 2.70‰, Alat:
11.3 ± 2.78‰, Neogene: 12.3 ± 1.24‰) and springs in the Eastern
Province (9.0–12.4‰) (Moser et al., 1978). Thus, a continental ori-
gin seems likely. Within this group, three samples (S 9, S 5, S 12)
have comparably low Cl/Br ratios, suggesting a seawater impact.
However, this is not supported by the low d34S values.
Fig. 5 reveals that sample S 19 is the salt pan with continental
water closest to the coastline (3 km, see dashed line). Sample S 4,
on the other hand, represents the seawater-influenced sample
most distant from the coast (9 km, see second dashed line). The
total salt pan area within 3 km and 9 km distance to the coastline
is 2000 km2 and 5100 km2, respectively. Assuming a boundary at
6 km from the coastline, the mean value between the closest con-
tinental water and furthest seawater influenced salt pan, results in
a total sabkha (salt pan influenced by seawater) area of
3600 km2 ± 1600 km2 whereby the error estimation derives from
the upper (9 km) and lower boundary (3 km), respectively.
4.3. Infiltrated precipitation
During the monitoring period of the water table in the salt pan
Al Budu from December 2012 to February 2014, four large (min.
10 mm) rain events (14.8, 36.1, 15.2, and 10 mm) with correspond-
ing rise in water level (28, 32, 41, and 15 mm) were observed
(Fig. 6). Analysing undisturbed soil samples suggested an effective
porosity of about 3% which is in agreement with an estimated
effective porosity ranging from 3% to 8% derived from the soil tex-
ture analysis (clayey silt; see supplementary material) after
Hölting and Coldewey (2009). In order to determine the amount
of infiltrated rainwater to the groundwater table, recorded water
level rises were multiplied with the effective porosity of 3%. Com-
paring the amount of infiltrated water to the amount of the previ-
ous rain event lead to the conclusion that 5.7%, 2.7%, 8.1%, and 4.5%
(on average approximately 5%) of precipitation infiltrated to the
salt pan water table.
TRMM data analyses gave an area-weighted mean annual pre-
cipitation of 54 mm for the years 2000 to 2010 and the previously
mapped salt pan area. This is in line with reported values of 30–
100 mm a1 (Al-Saafin, 1996). Assuming that the calculated
recharge-precipitation-rate of 5% is transferable to other salt pans
in the study area, we suggest that about 3 mm of precipitation per
Fig. 4. Spatial distribution of salt pan areas in comparison to the only available data set of USGS and ARAMCO (1963) in general (A) and as detailed view on coastal- (B) and
inland- (C) salt pans to emphasise the small scale differences.
Fig. 5. Relationship between d34S and distance to the Arabian Gulf. The shaded area depicts the d34S range typical for seawater-influenced salt pan brines (Robinson and
Gunatilaka, 1991). Note that the Cl/Br classes and the associated origin interpretation are based on Patterson and Kinsman (1977). Own interpretations based on isotopic
and Cl/Br signatures are presented in italic.
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groundwater recharge).
4.4. Evaporation rate from exemplary salt pan soil cores
The column experiment was run with different settings of water
level, temperature and humidity (Table 1). Each setting was run for
one to three weeks until steady state conditions were reached
(constant daily water loss in the storage tank over several days).In total, nine evaporation rates (mean values for several days
of constant evaporation) and the corresponding water level,
temperature and relative humidity (Table 1) served to set up a
multiple regression model for each column extracted from the
salt pan Yabrin, Matti and Rub’ Al Khali, respectively (Eqs. 1–3).
The regression model type used is based on previous studies
about evaporation (Valiantzas, 2006) and evaporation depending
on water level (Hernández-López et al., 2014; Johnson et al.,
2010).
Fig. 6. Water table fluctuations (running average of 5 days) in depth below ground level (b.g.l.) and daily sums of precipitation in the salt pan Al Budu from December 2012 to
February 2014; red numbers showing the water level rise after rain events (blue numbers). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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 
WL1:119þ15:440 ðR2¼0:88Þ ð1Þ
EMatti¼0:869 T  1 H100
 
WL1:373þ6:301 ðR2¼0:90Þ ð2Þ
ERub0AlKhali¼1:798 T  1
H
100
 
WL0:931þ1:672 ðR2¼0:82Þ ð3Þwhere E is the evaporation rate (mm a1); T is temperature (C); H is
relative humidity (%); WL is water level (m b.g.l.); and R2 is the
coefficient of determination.
To calculate the long term evaporation rates from salt pans, the
regression models from the column experiment were applied to
long-term monthly averages of temperature and humidity for the
period 1979 to 2012, extracted from ECMWF (European Centre
for Medium-Range Weather Forecasts) ERA-interim reanalysis
datasets (Dee et al., 2011). The area-weighted mean of temperature
and humidity were calculated for the previously mapped salt pan
area. Water levels were derived from 26 measurements during this
study and additional 23 measurements from other studies (see
supplementary material; measurement sites are shown in Fig. 1).
The median and the mean error of in total 49 measurements are
0.75 m b.g.l. and 0.28 m b.g.l., respectively. We chose the median
instead of the arithmetic mean as it is more robust to extreme
values, which, most likely, do not represent typical salt pan water
levels.
Calculated monthly evaporation rates of the three salt pan
examples are shown in Fig. 7. A clear seasonality in evaporation
is visible for all three salt pan locations. In summer temperature
is higher and hence evaporation rates are increasing. For the saltTable 1
Results of the column experiment (WL – water level (m b.g.l.), Temp. – temperature (C),
WL (m b.g.l.) Yabrin Matti
T (C) H (%) E (mm/a) T (C)
0.5 38.8 23.0 59.3 38.8
0.5 32.2 29.9 47.1 32.2
0.5 26.7 51.2 39.0 26.7
0.75 36.8 26.5 48.6 36.8
0.75 31.9 27.8 39.8 30.6
0.75 20.7 32.2 31.0 20.5
1 37.3 11.0 38.1 37.1
1 31.8 15.9 29.8 31.9
1 22.5 38.0 19.9 22.9pan Yabrin, Matti, and the interdune salt pan in the Rub’ Al Khali
desert (RAK) the annual mean evaporation rate for a water level
of 0.75 m b.g.l. is 35 mm, 32 mm, and 48 mm, respectively.
There are several sources of uncertainty in the estimation of
evaporation rates. First, the assumed water level of 0.75 m b.g.l.
is accompanied by a high degree of uncertainty given the limited
number observations and sparse information in literature. Second,
the three analysed soil column experiments provide information
about the evaporation at its point of extraction only. Although rep-
resentative sites were selected based on field observations, the
extrapolation of point information into spatial information intro-
duces uncertainty. Due to these reasons, we derived the evapora-
tion estimation for the study area and its error, accounting for
the uncertainty in water level and the uncertainty in the regression
models. Thus, we calculated in total nine evaporation rates with
the three regression models (Eqs. 1–3) using the median water
level (0.75 m b.g.l.) and the median water level minus its mean
error (0.47 m b.g.l.) and plus its mean error (1.03 m b.g.l.), respec-
tively. We suggest the resultant arithmetic mean (42 mm a1) with
a mean error of 13 mm a1 is our best estimate for the evaporation
rate from continental salt pans (playas).5. Discussion
5.1. Spatial distribution
Mapping salt pans based on remote sensing techniques pro-
vided a spatially high-resolution picture of the current salt pan
spatial distribution. In general, the spatial distribution is in lineH – humidity (%), E – evaporation (mm a1)).
Rub’ Al Khali
H (%) E (mm/a) T (C) H (%) E (mm/a)
23.3 69.2 38.6 26.6 98.0
30.5 51.8 32.1 29.8 62.6
51.9 39.5 23.5 44 50.1
26.3 50.8 36.8 25.2 82.8
34.3 36.6 31.5 29.9 56.9
27.2 19.2 20.7 30.9 38.7
10.5 31.1 37.4 10.4 57.1
18.4 22.6 31.9 17.4 34.5
44.7 15.6 22.5 37.1 20.9
Fig. 7. Long-term monthly temperature and relative humidity (ECMWF ERA-interim reanalysis datasets) and corresponding monthly sums of evaporation for the salt pans
Matti, Yabrin, and the interdune salt pan in the Rub’ Al Khali assuming a water level of 0.75 m b.g.l.
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However, on the smaller scale significant differences appear which
was already discussed in Section 4.1 and highlighted in Fig. 4. Due
to their wide-spread distribution and their occurrence in remote
areas, which are difficult to access (e.g. Rub’ Al Khali desert), exten-
sive validation of salt pan mapping results via ground truthing is
practically impossible. Nevertheless, some studies specified the
size of single salt pans, which could be used for comparison. Signif-
icant differences appear only for the salt pan Yabrin. Edgell (2006)
reported an approximately four times bigger size compared to
mapping during this study. In this context it is worth noting that
in recent years the water level of the underlying aquifers in the
area of Yabrin dropped due to pumping activities (Reeler et al.,
2009), which might be an explanation for the decreasing salt pan
extent. For the interdune salt pans in the Rub’ Al Khali desert (Uruq
Al Mu’taridah) a quantitative comparison is not possible as Edgell
(2006) provided only a lower boundary for the size, which under-
lines the difficulties and uncertainties of providing reliable infor-
mation in this remote area. However, in general, the mapped salt
pan sizes fit well to estimates from other studies indicating a rea-
sonable classification result (Table 2).
5.2. Origin of salt pan brines
Salt pans close to the Arabian Gulf coast can be affected by sea-
water intrusion or tidal flooding, i.e. evaporating water from these
coastal salt pans (sabkhat) does not originate from groundwater.
Our hydrochemical and isotopic results show that the influence
of seawater can reach up to 9 km distance to the coast. On the
other hand, the closest salt pan with continental water was sam-
pled in 3 km distance. Therefore, no clear spatial boundary
between seawater dominated and groundwater dominated salt
pans can be defined. This is expected as variations in geomorpho-
logical, hydrological, and sedimentological features along theTable 2
Comparison of mapped salt pan areas with previous data provided by USGS and ARAMCO
Salt pan This study
Yabrin 55
Al Budu 161
Umm As Samim 1500
Uruq Al Mu’taridah 12,000
Within a belt of 100 km from the coast 17,600
Total study area 35,500coastline should have an impact on seawater intrusion, i.e. (i) ori-
entation of the coast in relation to the dominant wind direction
(e.g. shamal wind system), (ii) general surface gradient, (iii) pres-
ence of barriers preventing tidal flooding (e.g. chenier ridges),
(iv) presence of tidal channels, (v) groundwater gradient (displac-
ing intruded seawater) (Patterson and Kinsman, 1981; Robinson
and Gunatilaka, 1991). Consequentially, we assumed the boundary
at the mean (6 km) between the closest continental water and fur-
thest seawater influenced salt pan and based the error estimation
(±3 km) on the upper and lower boundary. It is noteworthy that
the value of 6 km equals the corresponding distance found by
Robinson and Gunatilaka (1991) for southern Kuwait. It is also
roughly in line with the transition zone of 4.4–6 km identified by
Müller et al. (1990), based on 87Sr/86Sr analyses of brines and sed-
iments for salt pans in Abu Dhabi. Furthermore, Kinsman (1969)
stated that coastal salt pans in the UAE extend locally up to 8–
10 km inland, which is also in agreement with results from this
study.
5.3. Net groundwater evaporation rate
The annual net groundwater evaporation from continental salt
pans (playas) is a result of total evaporation (42 mm ± 13 mm)
minus groundwater recharge (3 mm). The resulting estimate of
39 mm ± 13 mm is at the lower end of the range derived from
the literature of 20 mm a1 (Robinson and Gunatilaka, 1991) to
120 mm a1 (Patterson and Kinsman, 1981; Shehata and Lotfi,
1993). It is important to note that most of the previous studies
reported about evaporation rates from salt pans close to the Ara-
bian Gulf, however, this study focuses on evaporation of ground-
water and hence on evaporation from salt pans further inland.
This is relevant as Patterson and Kinsman (1981) stated higher
evaporation rates from coastal salt pans (120 mm a1) than from
those which are located more inland (60 mm a1). The upper(1963) and other literature values.
USGS and ARAMCO (1963) Other literature
54 204 (Edgell, 2006)
209 149 (Edgell, 2006)
4300 2400 (König, 2012)
8000 Min. 5700 (Edgell, 2006)
13,900 6000–8000 (Kinsman, 1969)
27,500 –
800 S. Schulz et al. / Journal of Hydrology 531 (2015) 792–801boundary of evaporation rates derived from the literature of
120 mm a1 was reported in two studies. First, in the study of
Patterson and Kinsman (1981), who mentioned that this value
has to be seen as an upper limit. Second, Shehata and Lotfi
(1993), who applied empirical equations which are only valid for
freshwater and normal soils (Veihmeyer and Brooks, 1954;
White, 1932) as they are not accounting for salt pan properties,
counteracting evaporation: (i) high ionic strength of the salt pan
brines, (ii) re-condensation of evaporated water during night when
the relative humidity is high, and (iii) salt encrusted surfaces and
hard, well-cemented gypsum crusts in the upper layers of conti-
nental salt pans (Kinsman, 1976; Robinson and Gunatilaka,
1991). These salt crusts and other low permeable layers also pro-
vide the reason for the small share of 5% of precipitation to infil-
trate into salt pans. This is emphasised by the observation during
several field trips that water ponds over salt pans for several days
after larger rain events. Considering the previous mentioned
points, our comparatively low estimate of annual net groundwater
evaporation from continental salt pans (playas) of 39 mm ± 13 mm
is reasonable.
6. Conclusion
Evaporation of shallow groundwater, also called evaporative
pumping, from salt pans is of major importance for water resource
assessments as it may cause a significant water loss from the
connected aquifers. On the Arabian Peninsula this predominantly
concerns the vital Upper Mega Aquifer system (Al-Saafin, 1996;
GDC, 1980; Hsü and Schneider, 1973).
The present study uses a combination of different methods in
order to provide a comprehensive picture of groundwater evapora-
tion from salt pans of the Upper Mega Aquifer system. Mapping
based on remote sensing techniques enhanced the estimation of
the current salt pan spatial distribution and extent (36,500 km2),
which is about 33% more than previously mapped by USGS and
ARAMCO (1963). Approximately 10% of it (3600 km2 ± 1600 km2)
is influenced by seawater, while from the remaining 90% ground-
water evaporates. Relating the spatial coverage of salt pans to
the annual net groundwater evaporation of 39 mm ± 13 mm from
continental salt pans leads to a total annual groundwater loss of
1.3 km3 ± 0.5 km3 for the Upper Mega Aquifer system.
The significance of groundwater evaporation from continental
salt pans becomes apparent by comparing it with other water bal-
ance components. The main inflow component into the Upper
Mega Aquifer system is groundwater recharge with estimations
ranging from 1.5 km3 a1 (Al-Rashed and Sherif, 2000) to 2.9 km3
a1 (GIZ/DCo, 2013a, 2013b). Besides groundwater evaporation
from salt pans, natural outflow components are spring discharge,
submarine groundwater discharge into the Arabian Gulf, and dis-
charge into the Euphrates (Kalbus et al., 2011). Due to falling
groundwater levels, caused by modern groundwater abstraction,
almost all springs dried up during the last decades. Al Tokhais
and Rausch (2008) estimated a spring discharge for the beginning
of the last century of about 0.5 km3 a1 (onshore and offshore
springs). The main part of submarine groundwater discharge into
the Arabian Gulf is represented by diffuse regional runoff of con-
fined groundwater and amounts to about 0.2 l s1 km2, or about
1.0 km3 a1 in total (Zektser et al., 2007). However, estimations
of groundwater recharge and discharge into the Arabian Gulf are
difficult and have to be evaluated as uncertain (Kalbus et al.,
2011). Nevertheless, evaporation from salt pans is one of the main
drivers for the groundwater flow of the Upper Mega Aquifer sys-
tem on the Arabian Peninsula.
Countries on the Arabian Peninsula rely on its mainly non-
renewable groundwater resources, what makes a smart resource
management necessary. Required management strategies can bederived from simulations with groundwater flow models. While
in general the present study aims to contribute to the scientific dis-
cussion of groundwater evaporation from continental salt pans,
provided results might help to improve the reliability of future
large scale groundwater flow models of the Upper Mega Aquifer
system.
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